Please cite this article as: Yuan, Y., Tan, P.J., Li, Y., Dynamic structural response of laminated glass panels to blast loading, Composite Structures (2017), doi: http://dx.doi.org/10. 1016/j.compstruct.2017.09.028 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. This paper presents an analytical model of 'fully-clamped' laminated glass panel subjected to pulse-pressure loading in an air-blast. The dynamic structural response of the laminated glass panel is decoupled into two distinct phases of motion: phase I is controlled by the elastic deformation of the brittle glass plies whilst phase II is dominated by the large inelastic deformation of the Polyvinyl Butyral (PVB) interlayer. Transition between the two phases follows the large scale fragmentation of the glass plies -this will be captured through a stress-based damage criterion. Following the work of others, the PVB interlayer is idealised as a rigid-perfectly plastic material which allows its large inelastic response to be modelled within the constitutive framework of limit analysis. An interactive yield criterion is adopted to capture the simultaneous influence of bending and membrane stretch that governs plastic flow in the interlayer. Predictions by the analytical model are validated against existing experimental data and they will be shown to be in good agreement. Parametric studies were performed to elucidate the effects of total mass (per unit area) and thickness ratio on the maximum transverse deflection. The efficacy of Youngdahl's technique on desensitising pulse shape effects is also studied.
Introduction

11
The structural response of laminated glass panels to high-intensity, short-duration pulse 12 pressure encountered in an air-blast is the subject of several recent assessments, see [1- The elastic deformation of laminated glass panels before the onset of large scale fragmenta-27 tion of the outer and inner glass plies had been extensively studied by others -see [3, [11] [12] [13] 
28
-where the panel is typically modelled by the von Karman's nonlinear plate theory. For 
95
Reflective symmetry -both geometric and loading -exists on two planes along (x = 0, be used in the analytical model is given in Table 3 . 
Loading
112
When the blast pulse interacts with a structure that is not parallel to the direction of 
where p 0 is the peak reflected over-pressure, t d is the duration of the positive phase and α (α ≥ 0) is the decay coefficient that determines the pulse-shape. 
where the partial function φ(x, y) is an admissible mode function, or mode shape, that sat-
142
isfies the geometric boundary conditions and the temporal functionẇ 0 (t) is the generalised 143 transverse velocity to be determined by the Lagrange equations of the 2nd kind. Similarly,
144
the corresponding deflection field (W ) may also be written, using the same partial functions,
145
as follows:
The transverse deformation of the laminated glass panel is divided into two uncoupled 
151
In each phase, the mode shape φ(x, y) is used to calculate total strain energy (Π) and kinetic 
Phase I (pre-crack phase):
An admissible transverse velocity field for a quarter panel in phase I is [3] 156Ẇ
Its total kinetic energy at any given time t can be written as
where 
and
The linear-elastic constitutive relation between the stress and strain components for the kth
where Q (k) ij are the reduced plane-stress stiffness; Q 
where ( ∂W (x, y, t) ∂x
that relates the membrane force and bending moment resultants to the strain in the kth 179 lamina given by
where
ij is, respectively, the extensional and bending stiffness, defined in terms 182 of the lamina stiffness Q (k) ij as follows:
In general, the interlayer is too soft to provide any meaningful flexural resistance in the 184 pre-crack phase [14]; hence, its plane stress-reduced stiffness is set to zero, i.e. Q (k=2) ij = 0.
185
Last, the total strain energy of a quarter of the kth laminate is obtained by combining the strain energy associated to bending and membrane as follows:
Given that the generalised force is
and the Lagrangian is It will be shown later in Section 3 that the maximum principle stress always occurs at the 198 centre of inner glass ply so that
11
xy ) 2 ) (18) and this is the same as the analytical predictions of [3, 12] . (see Fig. 2b ) continues towards the centre until the motion of the hinge ceases (at a finite 224 distance a − ξ from the centre), leaving a stationary deformation mechanism.
225
For the deformation mechanism shown in Fig. 2a , the transverse velocity profiles in zone 1 , 2 and 3 of the panel areẆ
where 0 < ξ(t) ≤ a and 0 < δ(t) ≤ b. When the travelling plastic hinge line EF reaches y = 0, the transverse velocity profile for the mechanism shown in Fig. 2b becomeṡ (of the blast pulse); hence, the motion of the panel can be written as
Over the same time period, plastic hinge lines EF and EH propagate towards the centre.
230
The non-dimensional position of the travelling plastic hinge lines are given by
whereξ andδ are the non-dimensional velocity of the travelling plastic hinge line as follows
232
[21]:
where γ = a/b is the aspect ratio,p = 4p(t)a 2 /M p is the non-dimensional pressure and
dt is the non-dimensional impulse. The non-dimensional parameters f 1 and f 2 can be written as a function of the non-dimensional transverse panel deflection (w 0 = w 0 (t)/h c ) as follows: Finally, the panel decelerates in accordance to the plastic strain energy dissipation on the plastic hinge lines given by Eq. 16. The total strain energy is dissipated through bending and membrane stretching of the interlayer given by 
247
The plastic hinge E propagates towards point F at a non-dimensional velocity of
until the cessation of its motion (ξ(t) = 0 
For fully clamped plates [21, 22] , 
Numerical implementation
256
A flow-chart on the numerical implementation of the analytical model is shown in Fig. 3 .
257
The corresponding equation of motion is solved numerically using the fourth-order Runge- 
Validations
260
Analytical predictions by the model will now be validated against two independent sets of the glass ply, the PVB interlayer and the loading parameters (in the respective experiments) 265 are given in Tables 2, 3 and 4 respectively. -to their experimental counterparts. In all cases, the error is less than 5%. Table 6 compares the predicted time t 1 at which the glass plies are assumed to completely to be greatest at the centre of the inner glass ply (at
also agrees with analytical predictions by Zhu and Khanna [3] and Wei and Dharani [12] .
307
Furthermore, the fact that the maximum principle stress develops first on the inner, rather 314 4) suggests that the simple damage criterion adopted in Eq. 17, whilst approximate, is a 315 reasonable one.
316
The predicted time for cessation of panel motion (t 2 ) -given in 
Parametric studies
325
The analytical model developed here will be used to evaluate the sensitivity of the predicted can be non-dimensionalised as follows: 
333
For the parametric study, we used the following loading parameters (corresponding to test 
348
The monotonic reduction ofw m with higherμ is largely attributed to the greater structural 2), t y corresponds to the time when the plastic deformation starts and t mean is the centroid of 361 the effective pressure pulse in Fig. 8a . For monotonic-decaying pressure pulse, then t y = 0. 
Conclusions
374
An analytical model has been developed in this paper to analyse the dynamic structural of an on-going investigation, the results of which will be reported elsewhere. 
